Introduction {#s1}
============

The signaling framework governing metazoan development is defined by a few fundamental cell interaction mechanisms, which, synergistically, control cellular fates. The Notch signaling pathway is unique among them in that it links the fate of a cell to that of the immediate neighbor through interactions of the Notch receptor expressed on one cell with membrane-bound ligands expressed on the adjacent cellular neighbor. The developmental action of Notch is highly pleiotropic, affecting a broad spectrum of tissues, cellular fates, and developmental events. Its fundamental importance in metazoan biology is underscored by evolutionary conservation and by the spectrum of mutant phenotypes associated with malfunction of Notch signaling [@pone.0010532-ArtavanisTsakonas1], [@pone.0010532-Fortini1], [@pone.0010532-Hurlbut1]. In humans, Notch malfunction has been linked to neurovascular abnormalities, cancer and pleiotropic congenital syndromes, rendering Notch signaling a therapeutic target (e.g. [@pone.0010532-Hansson1]).

The paradigmatic Drosophila Notch receptor [@pone.0010532-Wharton1] features a large extracellular domain (NECD) (∼186 kDa), a single membrane-spanning α-helix, and a smaller intracellular domain (∼100 kDa). Upon ligand interactions the intracellular domain is eventually cleaved off and translocates into the nucleus, directly participating in a transcriptional complex that includes the transcription factor Su(H) and drives Notch-dependent transcription [@pone.0010532-Fortini2]. Our electron microscopy (EM) analyses of the intracellular domain of Drosophila Notch revealed that under physiological conditions, the intracellular domain is a monomer that forms a 1∶1 complex with the transcription factor Su(H) [@pone.0010532-Kelly1].

The Drosophila NECD consists of 36 contiguous epidermal growth factor (EGF) repeats (residues 58--1451) and three LNR motifs (residues 1482--1599), followed by the transmembrane domain (residues 1746--1766) [@pone.0010532-Wharton1], [@pone.0010532-Gordon1]. Although the primary structure of the Notch receptor was elucidated more than two decades ago [@pone.0010532-Wharton1], the inherent difficulties associated with the biochemical analysis of a polypeptide carrying hundreds of cysteines has prevented obtaining reliable evidence for the quartenary structure of the Notch receptor and the NECD. Because such structural information is essential for gaining insight into the mechanism of the receptor as well as for potentially interfering with its function for therapeutic purposes, we sought to use EM combined with 3D image reconstruction to obtain first structural information of the NECD.

Results {#s2}
=======

Protein expression and EM imaging {#s2a}
---------------------------------

We used Sf9 insect cells to express a secreted form of the Drosophila NECD (residues 1--1745) containing a C-terminal tandem Flag-His~6~ tag ([Figure 1A](#pone-0010532-g001){ref-type="fig"}). The expression level was, however, very low (\<0.05 mg/l cell culture) and we were unable to purify the recombinant NECD using conventional chromatographic purification procedures. We therefore decided to test whether we could prepare specimens suitable for EM with the recently developed Affinity Grid approach [@pone.0010532-Kelly2], which is based on the idea of monolayer purification [@pone.0010532-Kelly3]. Affinity Grids are carbon-coated EM grids with a pre-deposited lipid monolayer that contains lipids whose head groups are functionalized with a Nickel-nitrilotriacetic acid (Ni-NTA) group ([Figure 1B](#pone-0010532-g001){ref-type="fig"}). Because of the high affinity of Ni-NTA groups for His tags, pure preparations of a His-tagged protein can be obtained from impure protein solutions or even cell extracts, simply by incubating Affinity Grids with the solution containing the His-tagged protein and washing off the unbound proteins. When we incubated Affinity Grids with the Sf9 cell medium containing the Flag-His~6~-tagged NECD and prepared the grids by negative staining, images revealed a heterogeneous particle population. Many particles appeared, however, to be sufficiently large to represent the NECD ([Figure 1C](#pone-0010532-g001){ref-type="fig"}). After image classification, several projection averages showed particles with defined, but variable shapes with a length of ∼200 Å and a width of ∼100 Å ([Figure 1D](#pone-0010532-g001){ref-type="fig"} and [Figure S1](#pone.0010532.s002){ref-type="supplementary-material"}).

![EM of the NECD.\
(**A**) Constructs used of the Drosophila (blue, residues 1--1745) and human (yellow, residues 1--1735) NECDs contained 36-EGF repeats (residues 58--1451, Drosophila and 20--1426, human) followed by 3-LNR motifs (residues 1482--1599, Drosophila and 1426--1571, human) and a C-terminal tandem Flag-His~6~ tag. (**B**) Schematic drawing of an Affinity Grid, which features a pre-deposited lipid monolayer. The lipid monolayer contains Ni-NTA lipids that can recruit His-tagged NECD. (**C**) Raw image of negatively stained Drosophila NECD (marked by white circles; scale bar is 25 nm) and (**D**) representative class averages (side length of the individual panels is 43 nm).](pone.0010532.g001){#pone-0010532-g001}

Density maps of the extracellular domain of Drosophila Notch {#s2b}
------------------------------------------------------------

To calculate 3D reconstructions, we prepared the NECD using a simplified cryo-negative staining procedure and collected 50°/0° image tilt pairs ([Figure S2A](#pone.0010532.s003){ref-type="supplementary-material"}). Classification of the particles from the images of the untilted specimens produced averages similar to those obtained with the negatively stained samples ([Figure S2B](#pone.0010532.s003){ref-type="supplementary-material"}). We combined classes that showed similar features (indicated by numbers in [Figure S2B](#pone.0010532.s003){ref-type="supplementary-material"}, [Table S1](#pone.0010532.s001){ref-type="supplementary-material"}) and calculated three individual 3D reconstructions using the random conical tilt approach [@pone.0010532-Radermacher1]. The density maps at 25-Å resolution ([Figure S4A](#pone.0010532.s005){ref-type="supplementary-material"}) enclose similar volumes, but show remarkably different features ([Figure 2A](#pone-0010532-g002){ref-type="fig"}). Differences in the overall structure of the three density maps suggest that the NECD can undergo bending motions, but the differences in the fine structures suggest that conversion from one conformation to the others does not involve simple rigid body movements of large domains but substantial rearrangements of the individual EGF and LNR domains.

![3D reconstructions of the NECD.\
(**A**) Density maps of the Drosophila NECD corresponding to the averages shown in (B). (**B**) Corresponding density maps of the human NECD. Scale bar is 5 nm.](pone.0010532.g002){#pone-0010532-g002}

Density maps of the extracellular domain of human Notch1 {#s2c}
--------------------------------------------------------

While the significant differences in the fine structures between the three density maps of the Drosophila NECD are potentially interesting, as they may reflect distinct functional states, they also raised concerns regarding the accuracy of the 3D reconstructions. We reasoned that if the structural features revealed by the EM analysis of the Drosophila NECD are significant, they would be conserved across species. We therefore expressed the extracellular domain of human Notch1 (residues 1--1735) ([Figure 1A](#pone-0010532-g001){ref-type="fig"}), which shares 47% sequence identity with that of the Drosophila receptor.

We prepared cryo-negatively stained samples on Affinity Grids and collected 50°/0° image tilt pairs ([Figure S3A](#pone.0010532.s004){ref-type="supplementary-material"}). Several of the averages obtained from classification of the particles from the images of the untilted specimens showed similar features as those of the Drosophila NECD (marked in [Figure S3B](#pone.0010532.s004){ref-type="supplementary-material"}) and these classes were chosen for 3D reconstruction. The three resulting density maps of the human Notch1 extracellular domain, also at a resolution of 25 Å ([Figure S4B](#pone.0010532.s005){ref-type="supplementary-material"}), are remarkably similar to the density maps of the Drosophila NECD (compare [Figure 2A](#pone-0010532-g002){ref-type="fig"} with [Figure 2B](#pone-0010532-g002){ref-type="fig"}). This result shows that the NECD structure is conserved in the Drosophila Notch and human Notch1 receptors, and that the features seen in the density maps are reproducible and thus presumably of functional importance.

Orienting the NECD structure {#s2d}
----------------------------

We performed antibody labeling to localize the membrane-proximal region of the receptor (using a monoclonal antibody against the C-terminal Flag tag) and the ligand-binding region using a monoclonal antibody raised against EGF repeats 12--20 of the Drosophila Notch receptor that encompasses at least part of the ligand-binding region defined by EGF repeats 11--13 [@pone.0010532-Gordon1], [@pone.0010532-Rebay1] ([Figure 3A](#pone-0010532-g003){ref-type="fig"}, [Figure S5](#pone.0010532.s006){ref-type="supplementary-material"}). The anti-Flag tag antibody identifies one of the ends of the extended NECD as the position where the receptor inserts into the membrane ([Figure 3B](#pone-0010532-g003){ref-type="fig"}). By contrast, the antibody against EGF repeats 12--20 shows that the ligand-binding region is not exposed on the most membrane-distal surface of the NECD but rather on the side of the receptor ([Figure 3B](#pone-0010532-g003){ref-type="fig"}). Binding of a ligand to Notch could thus result in a trans, side-by-side interaction, overlapping the two membrane-bound molecules and thus bringing two neighboring cellular membranes into close apposition.

![Characterization of the Drosophila NECD.\
(**A**) Projection averages (top row) and schematic representations (bottom row) of the NECD labeled with antibodies specific for the ligand-binding site (LBS Ab) and for the Flag tag (Flag Ab) in comparison with the corresponding average of unlabeled NECD (Reference). The side length of the individual panels is 43 nm. (**B**) EM density map of Drosophila NECD showing the positions of the ligand-binding site (LBS) and the membrane-insertion site (C terminus) deduced from the antibody labeling. (**C**) Histogram indicating the mass distribution of particles imaged by STEM.](pone.0010532.g003){#pone-0010532-g003}

The NECD forms a dimer {#s2e}
----------------------

The EM density maps of the extracellular domains of the Drosophila Notch and human Notch1 receptors encompass a molecular weight of about 380 kDa ([Table S1](#pone.0010532.s001){ref-type="supplementary-material"}). This value suggests that the NECD forms a homodimer (expected molecular weight of 372 kDa). We used scanning transmission electron microscopy (STEM) to verify that the Drosophila NECD is indeed dimeric. Continuous carbon STEM grids were coated with a Ni-NTA lipid-containing monolayer, analogous to how Affinity Grids are prepared [@pone.0010532-Kelly2], and tagged Drosophila NECD was directly adsorbed from the conditioned Sf9 insect cell medium onto these "STEM Affinity Grids". Analysis of 273 particles selected from 10 images of freeze-dried, unstained NECD specimens gave an average molecular mass of 381±23 kDa, and fitting of the particle mass histogram with a Gaussian curve gave a peak value of 412 kDa ([Figure 2C](#pone-0010532-g002){ref-type="fig"}). Both values are consistent with the NECD forming a dimer.

Discussion {#s3}
==========

The extracellular domains of many cell surface receptors are composed of individual domains connected by flexible linkers. The extracellular domain of the Down syndrome cell adhesion molecule (Dscam), for example, consists of ten Ig-like domains. EM images of negatively stained samples of a Dscam construct containing eight of the Ig-like domains showed it to be very flexible and to adopt many different conformations [@pone.0010532-Meijers1]. With 36 EGF and three LNR motifs, the organization of the NECD is even more complex than the extracellular domain of Dscam. However, despite its highly modular organization, our EM studies show that the NECD adopts defined and at least three distinct conformations that are conserved from fly to human. The biological significance of the three different conformations observed for the NECD remains to be determined, but it is reasonable to suggest as a working hypothesis that they may reflect distinct functional states of the receptor.

Unambiguous evidence for a multimeric structure of the Notch receptor has been lacking. The earliest evidence suggesting homotypic interactions came from the genetic behavior of the Abruptex mutations in Drosophila. These ligand-dependent gain-of-function, point mutations affecting the NECD display negative complementation, a behavior most plausibly explained by postulating the existence of homotypic interactions [@pone.0010532-Foster1]. Co-immunoprecipitation experiments supported the existence of homotypic interactions [@pone.0010532-Vooijs1]. In addition, studies based on whole cell cross-linking and denaturing gel electrophoresis also seem to be consistent with this notion [@pone.0010532-Sakamoto1], [@pone.0010532-Kidd1]. However, immunoprecipitation from cell extracts suffers from the possibility that inferred interactions may not be direct, but mediated by other cellular components. Moreover, size estimations by denaturing gel electrophoresis of the Notch receptor, a protein whose extracellular domain harbors about 250 cysteine residues, has been very unreliable in our hands. Thus, we consider that conclusions of the oligomeric state of Notch on the basis of these studies to be suggestive but not conclusive. By contrast, our EM and STEM results now conclusively demonstrate that soluble NECD exists as a dimer.

Our EM analysis revealing that the NECD forms a dimer and adopts distinct conformations now opens the way to correlate the functional state of mutations as revealed by genetic analyses to the receptor structure. It will be particularly interesting to analyze whether mutations such as the Abruptex mutations or mutations underlying the catastrophic neurodegenerative disease CADASIL in humans, which also correlate with extracellular point mutations [@pone.0010532-Joutel1], affect the oligomeric state and/or the conformation of the NECD. It would be equally interesting to examine whether the different NECD conformations represent different functional states, and in particular whether cis and trans interactions with the ligands Delta and Serrate induce the NECD to favor a particular conformation, which would make it possible to identify which NECD conformations represent the active and inhibited states of the receptor.

Methods {#s4}
=======

Expression of NECDs {#s4a}
-------------------

The extracellular domains of Drosophila Notch (amino acids 1--1745) and human Notch1 (1--1735) were cloned into pFastBac1 with C-terminal tandem His~6~ and Flag tags. Proteins were expressed in Sf9 cells using a baculovirus expression system. The secreted NECDs were directly purified from the culture media using Affinity Grids [@pone.0010532-Kelly2].

Affinity Grid purification of NECDs {#s4b}
-----------------------------------

Affinity Grids were prepared as described [@pone.0010532-Kelly2]. 50 mM imidazole (final concentration) was added to the insect cell media containing the Flag-His~6~-tagged NECD of either Drosophila Notch or human Notch1. 3-µl aliquots of the cell media were incubated for 2 minutes on continuous carbon (CC) Affinity Grids covered with a lipid monolayer composed of 2% or 20% Ni-NTA (1,2-dioleoyl-*sn*-glycero-3-\[N(5-amino-1-carboxypentyl)iminodi acetic acid\] succinyl-nickel salt) lipid and DLPC (1,2-dilauryl-*sn*-glycero-3-phosphatidylcholine) as filler lipid. Lipids were purchased from Avanti Polar Lipids (Alabaster, AL).

Specimen preparation {#s4c}
--------------------

### Negative staining {#s4c1}

3-µl aliquots of medium containing Flag-His~6~-tagged NECD were incubated for 2 minutes on 2% CC Affinity Grids. The grids were blotted from the side, washed with one drop of 0.75% uranyl formate and stained for 20 seconds with another drop of 0.75% uranyl formate. The grids were blotted and allowed to air-dry.

### Cryo-negative staining {#s4c2}

3-µl aliquots of medium containing Flag-His~6~-tagged NECD were incubated for 2 minutes on 20% CC Affinity Grids. The solution was gently removed with a Hamilton syringe and 3-µl aliquots of a solution containing 1% trehalose (w/v) and 1% (w/v) uranyl formate were added to the grids. The grids were blotted for 3 seconds and plunged into liquid ethane using a Vitrobot (FEI Company, Hillsboro, Oregon) operated at 22°C and 65% relative humidity.

Electron microscopy {#s4d}
-------------------

Specimens were imaged in an FEI Tecnai 12 electron microscope (FEI, Hillsboro, OR) equipped with an LaB~6~ filament and operated at an acceleration voltage of 120 kV. Images of untilted, negatively stained samples were collected at room temperature, and image pairs of cryo-negatively stained samples at tilt angles of 50° and 0° were collected at liquid nitrogen temperature using a Gatan 626 cryo-specimen holder (Gatan, Pleasanton, CA). Images were recorded using low-dose procedures on imaging plates at a nominal magnification of 67,000× and defocus values of about −1.8 µm (tilted specimens) and −1.5 µm (untilted specimens). Imaging plates were scanned with a Ditabis scanner (Pforzheim, Germany) using a step size of 15 µm, a gain setting of 20,000 and a laser power setting of 30% [@pone.0010532-Li1]. The images were binned over 2×2 pixels for a final sampling of 4.5 Å/pixel at the specimen level.

Image processing {#s4e}
----------------

For negatively stained specimens of the Drosophila NECD, 6917 particles were interactively selected from 56 images using WEB, the display program associated with the SPIDER software package [@pone.0010532-Frank1], which was used for further image processing. The particles were windowed into individual 96×96 pixels images, rotationally and translationally aligned, and subjected to 10 cycles of multi-reference alignment. Each round of multi-reference alignment was followed by K-means classification into 20 classes. The references used for the first multi-reference alignment were randomly chosen from the raw images.

For cryo-negatively stained specimens, 13,802 particles pairs were interactively selected from 112 50°/0° image pairs of Drosophila NECD, and 12,393 particle pairs from 112 50°/0° image pairs of human NECD. The particles were windowed into individual 96×96 pixels images, and the particles from the images of the untilted specimens classified into 20 classes as described above.

Particles from classes that showed the same projection average (denoted as 1, 2 and 3 in [Figures S2B](#pone.0010532.s003){ref-type="supplementary-material"} and [Figure S3B](#pone.0010532.s004){ref-type="supplementary-material"}) were combined (summarized in [Table S1](#pone.0010532.s001){ref-type="supplementary-material"}). The particle images from the images of the tilted specimens were then used to calculate six individual 3D reconstructions (3 for the Drosophila and 3 for the human NECD) using the back-projection algorithm implemented in SPIDER. The orientation parameters of the particles (all particles from the images of the tilted specimens and 10% of the particles from the images of the untilted specimens) were improved over 10 refinement cycles using FREALIGN v 7.05 [@pone.0010532-Grigorieff1], which was also used to correct for the contrast transfer function (CTF) of the microscope. The correct defocus value for each particle image was deduced from the position of each particle in the image and the tilt angles and defocus values of the images, which were determined with CTFTILT [@pone.0010532-Mindell1]. FREALIGN was first run for one cycle using mode 3 (systematic parameter search) with an angular step of 7° to determine initial orientation parameters for each particle relative to the starting model. The resulting parameters were iteratively refined over 9 additional cycles run in mode 1 (local parameter refinement) including data in the 200 - 10 Å resolution range. The resolution of the final density maps were estimated to be 25 Å using Fourier shell correlation (FSC) and the FSC  = 0.5 cut-off criterion [@pone.0010532-Bottcher1] ([Figure S4](#pone.0010532.s005){ref-type="supplementary-material"}), and the density maps were low-pass filtered to that resolution.

Preparation of STEM Affinity Grids and NECD samples {#s4f}
---------------------------------------------------

All STEM experiments were conducted at the Brookhaven National Laboratory facilities headed by Dr. Joseph Wall. Lipid monolayers were prepared according to [@pone.0010532-Kelly3] and contained 20% Ni-NTA lipid. A thin layer of continuous carbon was deposited on STEM holey carbon grids. The grids were then placed on the 20% Ni-NTA lipid-monolayer for 1 minute, gently lifted off with forceps, blotted from the side, and allowed to air-dry. 3-µl aliquots of insect cell medium containing Flag-His~6~-tagged Drosophila NECD and 50 mM imidazole (final concentration) were added to the STEM Affinity Grids and incubated for 2 minutes. NECD specimens were freeze-dried according to the procedures described at <http://www.bnl.gov/biology/stem/SpecPrepDetails.asp>. Information regarding STEM data analysis and mass determinations using the program PCMass are described at <http://www.bnl.gov/biology/stem/Data_Analysis.asp> and in [@pone.0010532-Wall1] and [@pone.0010532-Wall2].

Antibody labeling of the Drosophila NECD {#s4g}
----------------------------------------

Monoclonal antibody C458.2H for the ligand-binding site was raised against Drosophila EGF repeats 12--20 [@pone.0010532-Diederich1], and Flag tag-specific M2 antibody was purchased from Sigma-Aldrich (St. Louis, MO). Antibodies were diluted to 0.1 mg/ml in buffer containing 20 mM Hepes, pH 7.4, 150 mM NaCl, 5 mM MgCl~2~ and 10 mM CaCl~2~. 10 µl of the antibody solutions were mixed with 10 µl insect cell medium containing Flag-His~6~-tagged Drosophila NECD and 50 mM imidazole. 3-µl aliquots of these mixtures were applied to 2% CC Affinity Grids and incubated for 2 minutes prior to blotting and negative staining. The samples were imaged in the electron microscope as described above. 8890 particles were selected from 168 images of Drosophila NECD labeled with the antibody against the ligand-binding site, and 10,214 particles were selected from 168 images of Drosophila NECD labeled with the anti-Flag antibody. The particles in each data set were classified into 100 classes as described above.

Supporting Information {#s5}
======================
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3D reconstructions.

(0.04 MB DOC)
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Click here for additional data file.

###### 

Averages obtained by classifying 6917 particle images of negatively stained Drosophila NECD into 20 classes. The side length of the individual panels is 43 nm.

(4.28 MB TIF)

###### 

Click here for additional data file.

###### 

\(A\) Images of untilted (left panel) and 50° tilted (right panel) specimens of Drosophila NECD in cryo-negative stain. Circles indicate individual particles. Black line indicates tilt axis. (B) Averages obtained by classifying the 13,802 particles selected from the images of untilted specimens of cryo-negatively stained Drosophila NECD into 20 classes. The side length of the individual panels is 43 nm.

(7.26 MB TIF)

###### 

Click here for additional data file.

###### 

\(A\) Images of untilted (left panel) and 50° tilted (right panel) specimens of human NECD in cryo-negative stain. Circles indicate individual particles. Black line indicates tilt axis. (B) Averages obtained by classifying the 12,393 particles selected from the images of untilted specimens of cryo-negatively stained human NECD into 20 classes. The side length of the individual panels is 43 nm.

(7.46 MB TIF)

###### 

Click here for additional data file.

###### 

Fourier shell correlation (FSC) curves (green, black and red) indicate a resolution of 25 Å for all Drosophila (A) and human (B) NECD density maps.

(0.81 MB TIF)

###### 

Click here for additional data file.

###### 

Antibody labeling of Drosophila NECD. Class average (left) and a gallery of particle images (right) for Drosophila NECD labeled with the antibody against the ligand-binding site (LBS Ab - top row) and for Drosophila NECD labeled with the anti-Flag antibody (Flag Ab - bottom row). The side length of the individual panels is 43 nm.

(2.65 MB TIF)

###### 

Click here for additional data file.
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